Reports on spinal-implant metallic artifacts in 7-T magnetic resonance imaging (MRI) are lacking. Thus, we investigated the magnitude of metal artifacts derived from spinal implants in 7-T MRI and analyzed the differences obtained with spinal rods manufactured from pure titanium, titanium alloy, and cobalt-chrome (5.5-mm and 6.0-mm diameters and 50-mm length). Following the American Society for Testing and Materials guidelines, we measured the artifact size and artifact volume ratio of each rod during image acquisition using 7-T MRI scanners with three-dimensional (3D) T1-weighted and 3D T2* spoiled gradient echo (GRE), 3D T2-weighted fast spin echo, zero echo time (ZTE), and diffusion-weighted imaging sequences. Pure titanium and titanium alloy rods yielded significantly smaller artifacts than did cobalt-chrome rods, with no significant difference between pure titanium and titanium alloy rods. The artifact sizes of the 5.5-mm and 6.0-mm diameter rods were similar.
| INTRODUCTION
The role of spinal instrumentation surgery has increased in recent years and has greatly contributed to the improvement of surgical results.
However, in terms of postoperative magnetic resonance imaging (MRI) examination of patients who have undergone instrumentation surgery, there is a concern about safety because of the presence of metal implants and the occurrence of artifacts. Although 0.5-T to 3-T MRI is clinically used in many cases and 7-T MRI is currently limited to basic research, 7-T MRI can provide high resolution images, as the signalnoise intensity ratio also increases. 1 Kraff produced a prototype 7-T MRI and demonstrated in vivo images of the spine region of volunteers. 2 He reported that the in vivo images demonstrated very fine anatomic features such as the longitudinal ligaments or the venous drainage through the vertebral bodies. Thus, clinical use of 7-T MRI is expected to become more widespread in the future.
In our previous study, we investigated whether the displacement forces caused by a static magnetic field and the heating induced by radiofrequency (RF) radiation are substantial for spinal implants in a 7-T field and reported on its safety 3 
in accordance with the American Society for
Testing and Materials (ASTM), which sets MRI compatibility standards. 4 Notably, however, higher magnetic fields tend to increase artifacts caused by metallic implants, 5 and this phenomenon can compromise diagnostic accuracy. Some 3-T MRI studies have suggested that the largest artifacts pertaining to spinal implants are associated with cobaltchrome, followed by titanium alloy and pure titanium. Artifacts associated with the gradient echo (GRE) method are reportedly larger than those associated with the spin echo (SE) method. Accordingly, similar results are expected for 7-T MRI, but experimental evidence is lacking.
Therefore, it is necessary to closely investigate the magnitude of artifacts in assessments that consider different metal compositions and imaging conditions. We here quantitatively evaluated the magnitude of metal artifacts derived from spinal implants on 7-T MRI and analyzed the differences between these artifacts based on the ASTM evaluation method. 6 In addition, the zero echo time (ZTE) technique, 7-10 which is based on the three-dimensional (3D) radial technique using dedicated software and RF coil technology equipped with ultrahigh-speed RF switching, has gained attention in recent years. It has been suggested that this method can reduce acoustic noise and motion artifacts. To date, there has been no report on the reduction of metal artifacts, as far as we are aware, but generally, metal artifacts become smaller as the echo time (TE) shortens.
Because TE is close to 0 in ZTE, the artifact is also expected to be very small; an artifact attenuation effect could be helpful in 7 T, where the artifact is relatively large originally. Thus, we expected that ZTE should reduce metal artifacts especially in 7-T MRI. Therefore, we investigated ZTE in addition to the conventional sequences.
| METHODS

| Metal spinal implants
Six different metal rods that are frequently used in spinal surgery in clinical practice were examined. The rods were manufactured from either of three types of metals: pure titanium, a titanium alloy, or cobalt-chrome (CD HORIZON SOLERA Spinal System, Medtronic, Minneapolis, Minnesota), with diameters of 5.5 or 6.0 mm; the length of all rods was 50 mm.
| Evaluation of MR image artifacts
In accordance with the standard testing method for the evaluation of MRI artifacts from passive implants provided by the ASTM, 5 we measured artifact size and the volume ratio of each metal spinal implant during image acquisition using a 7-T MRI scanner (Discovery MR950, GE Healthcare, Milwaukee, Wisconsin) with quadrature transmission and a 32-receiver head coil (NM008-32-7 GE-MR950; Nova Medical, Wilmington, Massachusetts). Each metal implant was placed on a nylon net in an acrylic container ( Figure 1 ) filled with vegetable oil to produce a uniform signal and intensity of the phantom at 7 T. 11 Nylon is very insensitive to magnetic forces, and therefore, causes less artifacts. ASTM also recommends the use of nylon because it does not cause distortion. 6 For the same reason, acrylic is often used in many similar studies. 12, 13 The following imaging sequence was used: 3D T1-weighted spoiled GRE (3D T1 SPGR), 3D T2*-weighted SPGR (3D T2* SPGR), 3D T2-weighted fast SE (3D T2 FSE), ZTE, and diffusion-weighted SEplanar imaging (DWI). The scanning parameters are shown in Table 1 Note: Field of view, 25.6 cm; reconstruction image matrix, 512 × 512. Sagittal to static field direction image were acquired in all case. Abbreviations: 3D T1 SPGR, 3D T1 weighted spoiled gradient echo; 3D T2 FSE, 3D T2 weighted fast spin echo; 3D T2* SPGR, 3D T2* weighted SPGR; DWI, Diffusion-weighted spin echo echo-planar imaging; ZTE, zero echo time.
The rods were placed in the phantom in directions parallel and perpendicular to the static field (B0) of the magnet center. Sagittal MRI in the B0 direction with swapping phase and frequency encoding were obtained with and without the rod. The artifact areas were defined as areas showing a signal intensity that differed by more than 30% between the conditions with and without the rod, according to the ASTM guidelines. The artifact image was generated using the subtraction method via paired images, with and without the rod, using the same direction and frequency encoding in each sequence.
To determine the artifact size, a line region was defined across the center of the artifact area in each artifact image, and a signal-intensity profile was generated via ImageJ (National Institutes of Health, Bethesda, Maryland). The number of pixels counted in the line region was converted to a measurement of distance (mm). Artifact distances of the rod were calculated using the following equations: (Artifact distance in long axis direction − long diameter of the rod)/2 or (Artifact distance in short axis direction − short diameter of the rod)/2. To determine the artifact volume, the total number of artifact pixels in all regions was determined from the artifact images. The number of artifact pixels counted was converted into total artifact volume (mm 3 ). Thereafter, the artifact volume ratio (total artifact volumes/rod volume) was calculated for each imaging sequence.
| Statistical analyses
The F I G U R E 2 Typical magnetic resonance images of the rods. A, A cobalt-chrome rod of 6 mm in diameter and 50 mm in length was placed parallel to the static magnetic field. The appearance of artifacts differed for each sequence and frequency encoding direction. B, Images of a rod with a diameter of 6 mm obtained with 3D T2-weighted fast spin echo and a frequency encoding direction of superior-inferior. The appearance of artifacts differed for each material and for each rod installation direction (with respect to the static magnetic field). When the rod is located parallel to the static magnetic field, the image is shown as sagittal, and when the rod is located perpendicular to the static magnetic field, the image is shown as coronal shows typical MRI of the rods. The median and quartile range of the measured data are shown in Table 2 .
| Length of the artifacts
With respect to rod materials, the pure titanium and titanium alloy rods yielded significantly lower artifact length than did the cobaltchrome rods (P < 0.01, Wilcoxon signed-rank test, with Bonferroni correction); however, there was no significant difference between the pure titanium and titanium alloy rods.
In terms of diameters, rods with a diameter of 6.0 mm showed significantly larger artifacts than those with a diameter of 5.5 mm for pure titanium rods, but there was no difference between the different diameters for the titanium alloy and cobalt-chrome rods (P = 0.067, 0.103, respectively; Wilcoxon signed-rank test).
By installation direction, the artifact size was larger when the titanium alloy rod was installed perpendicular rather than parallel to the static magnetic field direction (P < 0.05, Wilcoxon signed-rank test). On the other hand, there was no difference according to installation direction for the pure titanium and cobalt-chrome rods(P = 0.112, 0.086 Wilcoxon signed rank test). There was no significant difference in the frequency direction for all materials (P = 0.071-0.936, Wilcoxon signed-rank test).
Comparisons of the length of the artifacts according to the sequence used yielded the following hierarchy: ZTE = 3D T2 FSE < 3D T1 SPGR <3D T2* SPGR for the titanium alloy and pure titanium rods (Steel-Dwass test) ( Figure 3A) . For the cobalt-chrome rods, ZTE yielded significantly smaller artifacts than did 3D T1 SPGR and 3D T2 FSE; there was no significant difference between 3D T1 SPGR and 3D T2 FSE. 3D T2* SPGR yielded artifacts beyond the imaging range, making measurement difficult for cobalt-chrome rods (Steel-Dwass test) ( Figure 3A ).
| Artifact volume ratio
There were no significant differences associated with rod diameter (P = 0.182-0.836, Wilcoxon signed-rank test) or frequency direction (P = 0.326-0.717, Wilcoxon signed-rank test). Artifact volume ratios were smaller when the direction of rod installation was parallel rather than perpendicular to the static magnetic field direction (P < 0.01, Wilcoxon signed-rank test). With respect to sequence, for pure titanium and titanium alloy rods, there was no significant difference between the ZTE and 3D T2 FSE, 3D T2 FSE, and 3D T1 SPGR sequences, but ZTE yielded significantly smaller artifacts than did 3D T1 SPGR. Additionally, 3D T2* SPGR yielded significantly larger artifacts than did the other sequences. On the other hand, for cobalt-chrome rods, ZTE yielded significantly smaller artifacts than did 3D T1 SPGR and 3D T2 FSE, and there was no significant difference between the 3D T1 SPGR and 3D T2 FSE sequences. As with the artifact distance results, 3D T2* SPGR yielded artifacts beyond the imaging range, making measurement difficult for cobalt-chrome rods (Steel-Dwass test) (Table 2, Figure 3B ). The ASTM has propounded a method for evaluating MR compatibility of medical equipment. 6 They stipulated that the target object should be placed on a nylon net in an aqueous solution and should be evaluated using the maximum distance from the object to the boundary where the image signal intensity changes by 30%, and that both the GRE and SE methods should be used. We performed our evaluations according to these guidelines. Additionally, the ASTM recommends using an aqueous copper sulfate solution for the phantom solution when installing metal rods. However, in this study, we used an ultrahigh magnetic field of 7 T. When an aqueous solution of copper sulfate is used, an image with a uniform signal intensity over a wide range cannot be obtained at this field strength due to interference of the transmitted electromagnetic waves; thus, this solution is not suitable for measuring the artifact range. Therefore, we used vegetable oil as a solution due to its low dielectric constant property. As imaging sequences, we used both the GRE and SE methods and the clinically-frequently used DWI and ZTE sequences, which have gained increasing interest in recent years.
| DISCUSSION
We demonstrated that pure titanium and titanium alloy produced significantly smaller artifacts than did cobalt-chrome. Titanium alloy and cobalt-chrome are currently widely used in spinal fixation surgery.
Although titanium alloy is inferior in strength, it is considered to be suitable for postoperative follow-up using MRI because it produces smaller artifacts due to its lower magnetic susceptibility. As reported for 1.5-T, 14, 15 we found that titanium alloy was also advantageous for reducing artifacts, even at 7 T.
In terms of rod diameters, there was a statistically significant difference in the distance of the artifact between pure titanium rods with a diameter of 5.5 mm and of 6.0 mm, but there was no significant difference between titanium alloy and cobalt-chrome. The artifact volume ratio according to rod diameter did not differ significantly for any material and was visually equal for all. Previous reports using 1.5-T MRI have suggested that a difference in rod diameter from 4.75 to 5.5 mm does not differentially affect artifact production. 16 Even at an ultra-high magnetic field of 7 T, the influence of a 0.5-mm difference in rod diameter, as used in this study, had a negligible effect on artifacts.
Regarding the magnitude of the artifacts according to rod installation direction, artifacts were significantly smaller when installed parallel rather than perpendicular to the static magnetic field direction. This is because artifacts differ in shape with respect to the static magnetic field direction, as previously reported for imaging of stents using 1.5-T and 3-T MRI 17 ; we propose that the size of artifacts could be attenuated by placing them parallel with respect to the static magnetic field direction, even at 7 T. When 7-T MRI is clinically implemented in the future, it is likely that pedicle screws and transverse connectors installed perpendicular to the trunk axis will produce more severe artifacts than rod-shaped metal implants installed in parallel.
For each imaging sequence, the magnitude of the artifact decreased in the order of DWI > GRE method > SE method > ZTE.
DWI is very susceptible to the influence of magnetic susceptibility, 18 and artifacts exceeded the imaging range in this study. As previously reported, distortion is reduced when using an SE method because the frequency deviation is corrected with the 180 pulse for reconvergence. Therefore, as previously reported for 1.5-T and 3-T MRI, 19 artifacts obtained using the SE method were smaller than those obtained using the GRE method for 7 T.
On the other hand, ZTE is an image generated from extremely short TE. By using short TE, the phase dispersion within the voxel is small and thus the magnetic susceptibility artifact is maintained. As a result, the artifact sizes in the ZTE image were smaller than those obtained with the SE methods. 20 In particular, the volumes of artifacts in ZTE images of pure titanium and titanium alloy rods were smaller than those in images obtained with any rod under all other conditions.
Holdsworth reports that ZTE T1-weighted images have an equal or greater contrast compared with the conventional images. 21 Alibek reports that ZTE T1-weighted images achieved diagnostic image quality in brain MRI. 22 With regard to the contrast of white matter, gray matter, and cerebrospinal fluid, an image quality equivalent to that obtained with the conventional method can be achieved. Therefore, it is considered that the image quality with the ZTE technique is better than that achieved with the conventional method around the spinal canal, and a reduction of artifacts is expected. Therefore, ZTE may be an effective method for evaluating the state of the spinal canal after spinal instrumentation surgery, even at 7 T.
This study had some limitations. First, since it was not an in vivo experiment, the artifacts in this study may be different from those obtained in the human body. 7-T MRI in humans with metal in their bodies cannot be currently performed, and it will be necessary to reevaluate this after the safety of this technique has been established in the future. Second, because the 7-T MRI scanner used in this study was a device dedicated to head imaging, there was no receiver coil for the trunk. Also, because ASTM guidelines require a distance of 4 cm from the edge of the container, we used a 50-mm-long rod, which is the longest size for use with the container in the head coil. In the future, the magnitude of artifacts obtained with long rods used in a wide range of fixation techniques will need to be confirmed when whole-body imaging becomes possible with 7-T MRI. In addition, it is time consuming to shoot all the sequences for all rods with different diameters and diverse material composition. Therefore, because of time constraints, we obtained images of each rod with each sequence only once, and the thus accuracy of measurements is a concern.
5 | CONCLUSION
We measured and investigated spinal implant artifacts obtained when using various 7-T MRI sequences, according to the ASTM guidelines.
To the best of our knowledge, no published reports have so far described the evaluation of artifacts associated with spinal implants via 7-T MRI. As this imaging modality is becoming more widely used, these findings will be of value. Additionally, we demonstrated that ZTE can be a clinically useful method for the postoperative evaluation of patients after instrumentation surgery, even using 7-T MRI.
